We demonstrate environmentally protected delivery of highpower femtosecond mid-IR pulses in a single-mode ZBLAN fiber by soliton formation. A 70-fs Cr:ZnS laser at 2.4 µm reaches this regime already at ~2 nJ launched pulse energy, while a 110-fs pulse can be transmitted without visible shortening over meters of fiber. We also measured the nonlinearoptical coefficient of ZBLAN as n 2 = 2.7 ± 0.2 × 10 −16 cm 2 /W at 2.4 µm wavelength. 
Introduction
Mid-infrared femtosecond oscillators already now have numerous applications as broadband sources for sensing and molecular spectroscopy [1, 2] , as seed sources for amplifiers [3] , and pumping sources for OPO [4] . Due to their remarkably broad spectra overlapping with water free as well as with water absorption bands of tissue they are also very promising for such medical applications as differential Optical Coherence Tomography (OCT), neurosurgery and ophthalmology [5] . They are also attractive for two-photon nonlinear microscopy, fine material processing of plastics and semiconductors, as well as for free range terrestrial and space communications. All these applications put different requirements, including e.g. broad spectral width and low noise for spectroscopic and sensing applications, high peak power for nonlinear interactions and good temporal contrast for amplifier seeding. For output of a mid-IR femtosecond oscillator to be of any use for real life applications, a way must be provided for environmentally-protected fiber beam delivery, which would not affect the spectral or temporal pulse profile. For high-energy pulses, one of the ways of delivery is to realize the soliton propagation regime [6, 7] .
Historically, for long pulses and continuous-wave radiation delivery the air-filled hollow core waveguides (HCW) [8] and fibers (HCF) have been used in mid-IR wavelength range. However, the broadband mid-IR femtosecond pulses are affected by both, dispersion of the air as well as by molecular absorption of the atmosphere [4, 9] , making it necessary, for example, to evacuate or purge the oscillators [1] . Moreover, the bending loss of HCFs constitutes an important issue for applications requiring little variation of the output power during fiber flexure. The most well developed solid-core fibers in mid-IR are fluoride, Ag halide and chalcogenide fibers, the latter having been shown to be toxic and as such, not applicable for medical use. Bonner et al [10] were the first to demonstrate the applicability of fluoride fiber for the 2.8 μm Er:YAG laser radiation delivery for medical applications -human aorta surgery. Such fiber delivery is however, equally important for femtosecond pulse delivery into the body, least invasively through an endoscope, for making fine surgery on the brain and eye tissue as well as in-vivo imaging with high resolution (e.g. for early identification of cancerous cells).
In this work we demonstrate the first fiber delivery of the high energy femtosecond mid-IR laser pulses (70 fs), produced by the recently developed in our group femtosecond mid-IR Cr:ZnS laser [11, 12] . By changing the launched pulse energy we are able to observe a transition from strongly chirped linear to solitonic propagation at launched energies below 2 nJ. The experiments and simulation indicate quite a broad range of pulse energies and fiber length where this regime can be maintained allowing practical in-house applications.
Experimental setup
The experimental setup is schematically shown in Fig. 1 . As a source of the femtosecond pulses in mid-IR spectral region we used the Kerr-lens mode-locked Cr:ZnS oscillator. The laser was built on the basis of X-folded four-mirror cavity. It was pumped by the diodepumped 5-W 1.61 μm Er-fiber laser from IPG Photonics. The mode-locking was achieved by soft-aperture Kerr-Lens effect. The compensation of the group-delay dispersion was performed by YAG plate inserted into the cavity and chirped HR mirror. The laser produced pulses of about 68 fs with pulse repetition rate of 104 MHz at the central wavelength of 2.39 μm and average output power up to 550 mW. The spectral bandwidth of output emission reached 88 nm, which corresponded to the time-bandwidth product of 0.315. We assume the input pulse to be essentially chirp-free.
About 85% of the laser output was delivered to the input end of the nonlinear fiber, while the other 15% of the emission were directed to the FTIR spectrometer for simultaneous control of the laser emission spectrum. The pulse durations were measured by self-developed two-photon absorption based autocorrelator. The oscillator emission was focused to the fiber input by the aspheric lens with the focal length of 8 mm. The lens was antireflection coated at the wavelength of 1.6 μm resulting in additional losses at the laser wavelength. The fiber input facet was cut at the angle of 82° to exclude backreflection to the oscillator. The emission from the fiber output was collimated by AR-coated IR aspheric lens and delivered to either spectrometer or autocorrelator. The launched energy was varied by the iris installed in front of the focusing optics. The coupling efficiency reached 43%. The output pulse energy was measured after the collimating lens and assumed equal to the launched energy, as the fiber attenuation was reported to be 0.08 dB/m at 2.5 μm [13] and the fiber is quoted single-mode in this wavelength range. As a nonlinear fiber we used commercially-available single-mode step-index ZBLAN fiber for infrared applications from IR Photonics. The following fiber parameters were given by the manufacturer: numerical aperture of 0.17, core diameter of 9 µm and total length of 208 cm. These corresponded to mode area of A eff = 96µm 2 , group-velocity dispersion coefficient β 2 = -250 fs 2 /cm at the laser wavelength (dispersion parameter D ≈8 ps/nm⋅km), and a third-order dispersion coefficient TOD = 1650 fs 3 /cm with zero-dispersion wavelength at 1.74 µm. An estimation using the available nonlinearity values for ZBLAN of n 2 = 2. [16] gives the pulse energy range for the N = 1 soliton from 0.9 nJ to 2.3 nJ at pulse duration ~70 fs.
Experimental results and modeling
We have performed experiments with two different pulse durations: 68 and 110 fs. The output spectra of the 68-fs pulse at λ = 2.39 µm are shown in Fig. 2(a) starting with the input pulse spectrum. Figure 3 shows these spectra (second row) with corresponding autocorrelation signals (fourth row) at characteristic energies. The data and simulations are summarized in Fig. 4(a) . At low pulse energies ≤0.5 nJ the propagation is essentially dispersive (large chirp, spectrum corresponds to that of the input). At moderate pulse energies 0.5 -1.5 nJ nonlinear effects cause the spectrum and pulse narrowing, accompanied by rapid chirp elimination. The spectrum reaches its lowest width at about 1.25 nJ, corresponding to an N = 0.5 pulse in the simulated spectra evolution on Fig. 2(b) . Above 1.5 nJ the spectrum gets again broadened and the chirp-free pulse approaches initial duration and spectral width, corresponding to N = 1 soliton propagation. We also observe modulation of the spectral wings, as well as certain asymmetry and slight shift towards longer wavelengths at higher energy levels. The output pulse duration reached 100 fs at the highest launched energy of 2 nJ, which is lower than initial 68 fs, thus indicating that we did not yet reach the true N = 1 soliton propagation. This required reassessment of the fiber parameters. In order to recover the fiber parameters and extrapolate the results to higher energies and longer fibers we performed modeling of the pulse propagation. The propagation model was based on the generalized nonlinear Schrödinger equation solved on the basis of symmetrized split-step Fourier method with 1 fs temporal step (2 17 points in a mesh) and a propagation step of 10 −3 part of a nonlinear length L NL depending on the pulse energy. As fitting parameters we used the fiber self-phase modulation (SPM) parameter γ = 2πn 2 /λA eff and the dispersion parameter D. The simulation results are shown along the experimental data in Fig. 2(b) (spectral evolution), Fig. 3 (spectra and autocorrelation traces) and Fig. 4(a) (pulse duration) . The fiber parameters as supplied by the manufacturer resulted in very poor simulation as evidenced by the square markers in Fig. 4(a) . The really good match with the experiment could be obtained only assuming the group velocity dispersion parameter of β 2 = −340 ± 5 fs 2 /cm (D = 11 ps/nm⋅km), TOD = 2100 ± 200 fs 3 /cm and SPM parameter γ = 0.65 ± 0.03 W
. Note the small error margins on dispersion and SPM parameters. This is possible because of the very high sensitivity of the position and form of the wing lobes in the autocorrelation traces to both, dispersion and SPM. The accuracy of the simulation is perfect up to the energy ~1.5 nJ (Fig. 3) , after which the measured spectrum demonstrates more asymmetry and stronger red-shift than the calculation. We attribute this to the action of the Raman self-frequency shift [13] , which was not included in our model. An independent confirmation of the modelling relevance comes from the direct dispersion measurements, recently performed by our group [17] . The results of the dispersion parameter measurements, as well as the modelling for two core diameter values, are shown in the Fig.  4(b) giving the value of D = 11.5 ± 1.5 ps/nm⋅km at 2.4 µm, clearly higher than the 8 ps/nm⋅km value incurred from the nominal fiber core diameter of 9 μm. However, if we assume the core radius of 10.5 µm, then both the dispersion and TOD perfectly match the fitted parameters. It is very unlikely that the manufacturer could miss the nominal core diameter by such large margin. We suppose therefore that the fiber has become partially graded-index during the pulling process. This would explain larger mode diameter and the corresponding dispersion shift. Assuming the new diameter and the fitted SPM parameter we can estimate the effective mode area A eff = 110 ± 5 µm 2 giving the nonlinear coefficient n 2 = 2.7 ± 0.2 × 10 −16 cm 2 /W. This value is close yet higher than the 2.37 × 10 −16 cm 2 /W value of [14] and lower than the 3.3 × 10 −16 cm 2 /W value of [15] . The 5.4 × 10 −16 cm 2 /W from [16] could not be confirmed. An independent estimation of the effective area from the mode profile measurements gives even higher value of A eff = 135 ± 30 µm 2 , but with a much bigger uncertainty than the value obtained from the pulse propagation simulation. The corrected parameters allows predicting that the true N = 1 soliton at maximum 2 nJ energy can be reached for pulse durations τ≥100 fs. The laser source has been adjusted to provide 110-fs pulses at the same central wavelength and output energy. The exact N = 1 soliton for this pulse duration has been calculated from the area theorem E = 3.53|β 2 |/γτ = 1.65 nJ. Indeed, at 1.69 nJ we observe pulse duration to return to the original value of ~110 fs (Figs. 5(a) and 5(b)). At the same time the spectrum of the pulse acquires red-shift and retains some uncompensated modulation (Fig. 5(c) ). We suggest that this is due to the influence of stimulated Raman scattering, analogously to the 68-fs pulse (Fig. 2) . A simulation taking only n 2 and dispersion into account produces a smooth input-like spectrum. The very good agreement of the simulation with the experiment allows using this model to analyze output parameters for even higher launched energies up to 5 nJ (Figs. 6(a) and 6(b)) and to follow the pulse evolution inside the fiber (Figs. 6(c) and 6(d) ), extending the analysis to longer fibers. We can conclude from this simulation, that after reaching the soliton propagation regime above 1.3 nJ (N = 0.7) the pulse remains fairly stable in the range of energies from ~1.5 to ≤5 nJ (N = 3), when the pulse starts to shed the energy. Due to the finite fiber length this range is somewhat different from the theoretical soliton stability range of 0.5 < N < 1.5 [18] . The pulse parameters remain fairly constant along the propagation distance (Figs. 6(c) and 6(d)) . Summarizing, this simulation shows that there exist quite broad range of energies and lengths, where pulse can propagate retaining its duration and without critical, meaning that ZBLAN can be used in practice for mid-IR femtosecond pulse delivery for typical in-house distances of few meters. Fig. 6 . Simulated intensity (a) and spectrum (b) at the output of a 208-cm long fiber for a 110-fs input pulse and varying pulse energy. Simulated intensity (c) and spectrum (d) evolution inside the fiber for a 2-nJ 110-fs pulse calculated for fiber lengths up to 416 cm. The drift with respect to the local time frame and spectral asymmetry are due to the third-order dispersion.
Conclusion
We have successfully tested a single-mode ZBLAN fiber for mid-IR femtosecond pulse delivery. At low launched energies < 1 nJ the propagation is essentially linear with negligible spectrum modification. This regime is suitable for spectroscopic and sensing applications, providing means of environmentally protected signal delivery between sealed units.
At higher powers, the solitonic effect starts to dominate, resulting in rapid pulse shortening. This regime is suitable for high-power pulse delivery. For example, at 2 nJ and 110 fs pulse duration, the peak power reaches 18 kW, which is over 10 times higher than the threshold for subharmonic OPO pumping at this wavelength [4] . The regime is not critical to pulse energy and fiber length variations in quite broad range, making it practical for in-house applications.
Pulse energies of few nJ at 50-100 fs pulse duration are quite feasible for Cr:ZnS and Cr:ZnSe [19] oscillators, and fulfill conditions for solitonic propagation in commercially available single-mode ZBLAN fibers. For delivery of significantly higher energies, one should consider transition to LMA fibers. Increase of an effective mode area to ~1500 µm 2 allows the energy scaling up to ~30 nJ that is feasible for the chirped pulse oscillators [19, 20] . Since the pulse is pre-chirped in this regime, its squeezing in anomalously dispersive fiber would allow achieving sub-MW power levels on a target.
The nonlinear-optical coefficient of ZBLAN has been measured to be n 2 = 2.7 ± 0. 
